SUMMARY. There are specific phorbol ester receptors on cardiac myocytes which may be identical with the calcium/phospholipid-dependent protein kinase (protein kinase C). Incubation of enzymatically dissociated rat cardiac myocytes with biologically active phorbol esters (such as 40-phorbol-12,13-dibutyrate and 12-O-tetradecanoyl phorbol-13-acetate) leads to a time-and concentration-dependent loss of jS-adrenergjc receptors detectable with the hydrophilic ligand [ 3 H]-CGP-12177. This loss is attributable to a reduction in both maximal /S-receptor numbers and their affinities. The synthetic diacylglycerol, l-oleyl-2-acetyldiglycerol, which is known to activate protein kinase C, also induces desensitization of 0-receptors. Both phorbol diburyrate and 1-oleyl-2-acetyldiglycerol have additive effects to isoproterenol, suggesting a separate site of action in promoting 0-receptor desensitization. The effects of phorbol diburyrate and l-oleyl-2-acetyldiglycerol are prevented by colchicine (but not its inactive analog, trimethylcolchicinic acid), indicating a microtubule dependence. The loss of membrane-bound /3-receptors after phorbol dibutyrate-or l-oleyl-2-acetyldiglycerol preincubation is accompanied by an increase in /3-receptors associated with a cytosol-derived vesicular fraction devoid of plasma membrane markers, a finding consistent with an intemalization process. These results suggest that protein kinase C activation by diacylglycerols derived from receptor-linked phosphoinositide hydrolysis may be a novel mechanism of cardiac /3-receptor desensitization. (Circ Res 57: 443-449, 1985) 
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We have recently identified and characterized specific phorbol ester receptors on isolated rat cardiac myocytes (limas, 1985) . The biological significance of these receptors relates to the functional consequences of protein kinase C activation. This enzyme is present in the myocardium (limas, 1980; Wise et al., 1982) and has been shown to influence Ca ++ transport by the cardiac sarcoplasmic reticulum and the sarcolemma through phospholamban phosphorylation (limas, 1980; Movsesian et al., 1984; Iwasa and Hosey, 1984) . Since most of the protein kinase C activity in nonstimulated cardiac cells is found in the cytosolic fraction and is associated with the membranes only after activation, e.g., by phorbol esters and diacylglycerols, the latter substances are useful probes of the biological actions of protein kinase C in intact cells. In the present study, we report that phorbol esters and a synthetic diacylglycerol, l-oleyl-2-acetyl diglycerol (OADG), induce heterologous desensitization of cardiac /9-adrenergic receptors by a mechanism that is microtubule-dependent and may involve intemalization of the receptors.
Methods
Experiments were carried out on cardiac myocytes isolated from adult Sprague-Dawley rats by a procedure described previously (limas and limas, 1984) . Rat ventricles were minced fine, and washed free of blood with cold (4°C) dissociation buffer containing (g/liter): NaCl, 6.8; KC1, 0.4; NaH 2 PO 4 , 0.06; Na 2 HPO 4 , 0.21; and glucose, 0.9. Tissues then were incubated in 5 ml of buffer with 0.05 mg/ml collagenase (CLS II, Worthington) and 0.02 mg/ml hyaluronidase (Type IV, Sigma) at 37°C for 10 minutes with shaking. The first dissociation gave mostly erythrocytes and fragmented cells, and was discarded. The next three dissociations were combined, and myocytes were pelleted at 60 g for 10 minutes. They were washed once with excess buffer before use.
Cardiac /3-receptors were routinely identified using the hydrophilic ligand (±) [ ceptors (Staehelin and Hertel, 1983 
) CGP-12177 binding to cardiac myocytes proceeds rapidly for the first 2 hours and then more slowly for 4 hours, after which it remains stable for at least 16 hours. At the end of the incubation, a 10-fold excess of ice-cold sucrose-Tris-MgCl 2 buffer was added to each tube, and the samples were filtered through Whatman GF/C filters. The filters were washed three times with 5 ml of ice-cold buffer and were counted in 10 ml of Aquasol-2 (New England Nuclear). Nonspecific binding was that detected in the presence3 of 1 JIM propranolol and, in the presence of 6 nM [ To study the possibility that phorbol esters and OADG induced 'down'-regulation of cardiac ^-receptors, we first incubated suspensions of myocytes in 0.25 M sucrose-50 mM Tris-HCl (pH 7.4)-10 HIM MgCl 2 at 37°C for 30 minutes in the presence or absence of 40 nM phorbol dibutyrate (PDBu) or 20 jig OADG, and then for 15 minutes with or without 1 /tM /-isoproterenol. At the end of the incubation, the test tubes were transferred to an ice-water bath, a 10-fold excess of cold buffer was added to each tube, and the cells were washed three times by centrifuging at 1000 g for 10 minutes at 4°C. To the washed resuspended cells, we added 6 nM [ 3 H]CGP-12177, and continued the incubation at 4°C for 16 hours before filtering as above. In some experiments, isoproterenol-mediated generation of cyclic adenosine monophosphate (cAMP) by cardiac myocytes was studied. Myocytes first were incubated with or without 1 /IM /-isoproterenol at 37°C for 15 minutes, then were washed with excess buffer and resuspended in 0.25 M sucrose-50 HIM9 Tris-HC1-5 mM MgCl 2 (pH 7.4). Incubation with 10" 9 to 10" 5 M /-isoproterenol was carried out at 37°C for 10 minutes in the presence of 0.2 mM 3-isobutyl-l-methylxanthine. Reactions were stopped by the addition of 2 ml of cold 7% trichloroacetic acid (TCA), followed by centrifugation at 2000 g for 10 minutes. After extraction with ether, the amount of cAMP in the supernatant was determined with the protein-binding assay (Gilman, 1974) .
To study the distribution of (3-receptors after phorbol dibutyrate or OADG, cardiac myocytes were first incubated for 30 minutes at 37°C with 40 nM phorbol dibutyTate or 20 /*g OADG while controls were incubated with solvent (DMSO) alone. After the cells had been washed with excess buffer, they were lysed in 1 mM Tris (pH 7.4)-2 mM EDTA-0.1 mM PMSF for 30 minutes at 0°C and disrupted with a Teflon pestle homogenizer. The lysed cells were taken up in 10 mM Tris (pH 7.5)-154 mM NaCl-5 mM MgCl 2 and were centifuged at 700 g for 5 minutes. The supernatant was centrifuged at 40,000 g for 30 minutes at 4°C to obtain the crude membrane pellet and at 158,000 g for 1 hour at 4°C to obtain the vesicular fraction (pellet). Both pellets were resuspended in 0.25 M sucrose-50 mM Tris-HCl (pH 7.4)-5 mM MgCl^ and /3-receptors were determined using 5 nM [ 3 H]dihydroalprenolol (New England Nuclear, specific activity, 110 Ci/mmol), as previously described {limas and limas, 1984). In some experiments, /3-receptors in the membrane and vesicular fractions were also determined using [ 3 H]CGP-12177, as described above. To characterize these fractions further, we assayed Na + ,K + -ATPase and 5'-nudeotidase activities as described previously (Limas and limas, 1984) . When the effects of microtubule-disrupting agents were studied, colchicine or trimethyl colchirinic acid was added to myocyte suspensions (10 fig/ml) and incubated at 37°C for 15 minutes. Phorbol dibutyrate (40 nM) or OADG (20 ng/ ml) was then added, and the incubation was continued for another 30 minutes at 37°C. Myocytes then were assayed for 0-adrenergic receptors using 6 nM [ 3 H]CGP-12177, as described above.
Results
Incubation of enzymatically dissociated myocytes with PDBu results in a time-dependent decline of cardiac /3-receptors identifiable with [ 3 H]CGP-12177 (Fig. 1) ; most of this decline occurs within the first 10 minutes of exposure to the phorbol ester. The decrease in the number of /3-receptors detectable on cardiac myocytes with [ 3 H]CGP 12177 depends on the concentration of PDBu in the preincubation buffer (Fig. 2) . Comparison of different diesters shows that TPA is the most effective, while 4-aphorbol and 4-a-phorbol-12,13 didecanoate are inactive (Table 1 ). This parallels the relative biological potency of these compounds in several cell systems.
Scatchard plots of the binding data ( Fig. 3 ) reveal that pretreatment of the cardiac myocytes with PDBu results in a substantial decline in the affinity of the /3-receptors, in addition to a decrease in their total number. The synthetic diacylglycerol, OADG, which is known to activate protein kinase C, also induces a concentration-dependent decline of cardiac /3-receptors assayable with [ • P < 0.01, compared to controls. 
FIGURE 3. Scatchard plot of the [ s H]CGP-12177-binding data from control (DMSO alone) or PDBu-pretreated myocytes. Preincubation was carried out at 37°C for 30 minutes prior to transferring to an ice-water bath for pH]CGP-12177 binding (at 4°C for 16 hours).
in the capacity of isoproterenol to increase cAMP generation by isolated myocytes (Fig. 5) , suggesting desensitization of the /3-receptor-cydase system.
The influence of phorbol ester or OADG pretreatment on isoproterenol-induced down-regulation of cardiac y3-receptors was then investigated. Control, phorbol dibutyrate-, or OADG-exposed myocytes were incubated with 1 jtM /-isoproterenol, and the loss* of /3-receptors was determined. As shown in 
(-) isoproterenol (M) FIGURE 5. Isoproterenol-mediated generation of cAMP by cardiac myocytes. DhASO-alone (0), PDBu (O) or OADG (A) pretreated myocytes (37°C 30 minutes) were exposed to varying concentrations of l-isoproterenol in the presence of 0.2 mtA isobutylmethyhanthine for minutes at 37°C Results represent mean ± SB for four experiments and are expressed as percent increase over values in the absence of isoproterenol (44 ± 3 pmol cAMP/mg protein in controls, 45 ± 3 in PDBu and 43 ± 4 in OADG-pretreated myocytes).
Figure 6, phorbol dibutyrate and OADG induce a modest further decline in cardiac /9-receptors beyond that mediated by isoproterenol alone. Pretreatment of cardiac myocytes with 10 Mg/ml colchicine prior to exposure to phorbol dibutyrate or OADG largely prevents /9-receptor desensitization, whereas trimethylcolchicinic acid, which does not affect microtubule assembly, is inactive (Fig. 7) . None of these compounds affected [ 3 H]phorbol-12,13-dibutyrate binding to its receptor sites on intact myocytes (data not shown); neither did they affect /3-receptor numbers when added directly to the assay medium. Colchicine pretreatment also inhibited isoproterenol-mediated down-regulation of /9-receptors (control: 28 ± 3 fmol/mg, isoproterenol: 17 ± 3 fmol/ mg, colchicine/isoproterenol: 24 ± 2 fmol/mg). This is analogous to the in vivo attenuation by colchicine of the isoproterenol-induced loss of cardiac /9-receptors (limas and limas, 1983) .
The nature of the loss of cardiac /9-receptors in PDBu-or OADG-exposed myocytes was investigated in two sets of experiments. First, cardiac myocytes were pretreated with either 40 nM PDBu or 20 ng OADG at 37°C for 30 minutes and washed, and the /9-receptors were assayed either with 5 nM [ 3 H] dihydroalprenolol, however, no such decline could be detected (controls: 31 ± 3 fmol/mg, PDBUtreated: 24 ± 2, OADG-treated: 28 ± 3 fmol/mg). In the second set of experiments, we separated the crude membrane and vesicular fractions from cell lysates, by a modification of the procedure described by Stadel et al. (1983) . As shown in Figure 8 , the disappearance of [ 3 H]dihydroalprenolol-binding sites from the membranes of PDBu-or OADGtreated cells is accompanied by a significant increase in /9-receptors recovered in the vesicular fraction, whereas the total number of /9-receptors (membranes + vesicular fraction) was comparable in all groups, suggesting that little /9-receptor degradation occurs during internalization. The fact that /9-receptors in the cytospl can be pelleted by ultracentrifugation and assayed by filtration through glass-fiber filters demonstrates that these receptors are recovered in a particulate fraction. This fraction has only 10% the specific activity of enzymes (Na + ,K + -ATPase, 5'nucleotidase) present in the membrane pellet. In addition, the increase in /9-receptors associated with the vesicular fraction is detectable with [ 
Discussion
We have recently demonstrated the presence of specific and saturable phorbol diester-binding sites on enzymatically dissociated rat cardiac myocytes (limas, 1985) . The extent of binding by different phorbols parallels their relative biological potencies so that 12-O-tetradecanoyl phorbol-13-acetate and phorbol-12,13-dibutyrate are effective, whereas 4-a-phorbol and 4-a-phorbol-12,13-dibutyrate are inactive. [ 3 H]Phorbol dibutyrate binding to cardiac myocytes depends on protein-lipid interactions and is competitively inhibited by unsaturated diacylglycerols. These properties are compatible with the finding in other cell types that the receptor for phorbol esters co-purifies with and may be identical to the Ca ++ /phospholipid-dependent protein kinase C (Kikkawa et al., 1983) . Phorbol esters are, therefore, useful probes of the biological roles of protein kinase C in intact cells. Previous experiments from this and other laboratories have suggested the participation of protein kinase C in the regulation of Ca transport in the heart (limas, 1980; Movsesian et al., 1984; Iwasa and Hosey, 1984) .
The present report identifies the cardiac /8-adrenergic receptor as another potential site for phorbol ester-mediated regulation. This regulation is similar to the reported modification of transferrin (May et al., 1984) , insulin (Jacobs et al., 1984) , epidermal growth factor (McCaffery et al., 1984) , and /3-adrenergic (Garte and Belman, 1980; Kelleher et al., 1984; Sibley et al., 1984) receptors in other cell types. In these instances, receptor modification has involved either uncoupling or reversible internalization of the receptor. These are not necessarily mutually exclusive effects, since uncoupling frequently precedes agonist-induced intemalization of receptors (Toews et al., 1984) . 
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In the case of the cardiac /3-adrenergic receptors, phorbol esters reduce both their affinity and the total number detectable with [ 3 H]CGP-12177 on the cell surface. This is different from the effects of isoproterenol which, in our myocyte preparation, promotes internalization of the /3-receptors without a change in their affinity (Limas and Limas, 1984) . It is interesting to note that exposure of cardiac myocytes to both phorbol dibutyrate and isoproterenol has an additive effect on [ 3 H]CGP-12177 binding, an observation consistent with different sites of action, but different from the effects reported in duck erythrocytes (Sibley et al., 1984) . However, there is similarity in the mechanism of desensitization of PDBu, OADG, and isoproterenol, in that they all appear to promote internalization of the /3-receptor by a microtubule-dependent process. In the present study, PDBu-or OADG-mediated desensitization was shown to promote sequestration of the /3-receptors in a vesicular fraction which is separate from the cell membrane as judged by the distribution of marker enzymes. These results are consistent with the reported mechanism of agonist-induced desensitization in both the erythrocyte (Stadel et al., 1983) and cardiac myocyte (Limas and limas, 1984) .
We do not have any direct evidence that protein kinase C is involved in the observed desensitization of cardiac /3-receptors. Two observations, however, make such involvement likely: (1) the effectiveness of different phorbols in desensitizing /3-receptors parallels their relative potency in stimulating protein kinase C activity, and (2) OADG, which is an endogenous activator of protein kinase C as well as a ligand for the phorbol ester receptor, mimics the effects of phorbols on cardiac /3-receptors. More direct experiments on the phosphorylarion of cardiac /3-receptors (identified through photoaffinity labeling) are currently under way.
The experiments described in this report identify phorbol ester-and diacylglycerol-mediated heterologous desensitization of the cardiac /3-receptor. The effects of OADG and, by inference, of other unsaturated diacylglycerols, are of particular importance, since, in contrast to phorbol esters, they are naturally occurring ligands and are metabolically regulated, deriving from the breakdown of phosphotidylinositides. Phosphatidylinositol turnover is, in turn, linked to hormonal activation of cell surface receptors (Berridge, 1984) . Therefore, these results identify new metabolic pathways through which the properties of the /3-adrenergic system and the functional effectiveness of the /3-agonists can be modified in health and disease. We have already obtained preliminary evidence that phorbol ester binding is altered during the course of cardiac hypertrophy (unpublished results). The relationship of this to the well-known changes of /3-receptors in the hypertrophied heart remains to be established. It is tempting to speculate, however, that protein kinase C-dependent modification of the cardiac /3-receptor has Circulation Research/Vo/. 57, No. 3, September 1985 metabolic consequences that are different from those resulting from /8-agonist-induced desensitization. The latter results in decreased magnitude of agonist-mediated physiological effects, whereas protein kinase C promotes some /3-agonist-like actions (e.g., phospholamban phosphorylarion). It is likely, therefore, that the functional impact of /3-receptor desensitization mediated through protein kinase C is quite different from that mediated through /3-agonists.
